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Abstract 
In this study, for the first time the effects of glycerol on enzymatic hydrolysis and 
ethanol fermentation were investigated. Enzymatic hydrolysis was inhibited slightly 
with 2.0 wt% glycerol, leading to reduction in glucan digestibility from 84.9% without 
glycerol to 82.9% (72 h). With 5.0 wt% and 10.0 wt% glycerol, glucan digestibility 
reduced by 4.5% and11.0%, respectively. However, glycerol appeared not detrimental 
to cellulase enzymes. Ethanol fermentation was not affected with glycerol up to 5.0 
wt%, and was inhibited slightly with 10.0 wt% glycerol, which resulted in reduction in 
ethanol yield from 86.0% without glycerol to 83.7% (20 h). Based on laboratory and 
pilot scale enzymatic hydrolysis and ethanol production results, it was estimated that 
0.142 kg ethanol could be produced from 1.0 kg dry bagasse (a glucan content of 38.0%) 
after pretreatment with acidified glycerol solution.  
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1. Introduction 
Lignocellulosic biomass is one of the most abundant renewable bioresources on Earth. 
It consists of three major components, i.e., cellulose, hemicellulose and lignin, and has 
the potential to partially replace non-renewable fossil-based resources for the production 
of fuels and chemicals. One of the options for utilisation of lignocelluliosic biomass is 
to convert carbohydrate-derived sugars to biochemicals (e.g., organic acids) and 
biofuels (e.g., methane, ethanol) via microbial fermentation. However, due to the 
recalcitrance of lignocellulosic biomass, efficient production of fermentable sugars 
requires pretreatment to effectively deconstruct biomass followed by hydrolysis of 
pretreated biomass with cellulase enzymes to obtain fermentable sugars. So far, a 
variety of pretreatment methods including physical, chemical, biological and combined 
methods have been studied (Hendriks & Zeeman, 2009).  
Organosolv pretreatment has been considered as one of the most promising biomass 
deconstructing strategies (Alvira et al., 2010). Organosolv pretretament generally leads 
to significant delignification and/or produce porous fibres, thus improving cellulose 
accessibility to cellulases (Arantes & Saddler, 2011; Liu et al., 2010b). Glycerol is a 
non-toxic, high boiling-point (290 °C) organic solvent that is produced as by-product in 
large quantities from biodiesel factories (da Silva, 2009). The increasing production of 
biodiesel has significantly reduced the price of industrial-grade glycerol in recent years. 
Glycerol has been used as a standalone solvent, or in combination with alkaline 
catalysts such as Na2CO3 and NaOH for delignification of (Demirbaş, 1998; Fu & 
Mazza, 2011a; Fu & Mazza, 2011b; Novo et al., 2011) and pretreatment of 
lignocellulosic biomass  (Sun & Chen, 2007; Sun & Chen, 2008; Wang et al., 2015). 
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Furthermore, recent studies showed that acidified glycerol solutions were more effective 
in deconstructing lignocellulosic biomass to generate materials with high glucan 
enzymatic digestibilities (Liu et al., 2010b; Martin et al., 2011; Martin et al., 2013). The 
authors have previously developed an acid-catalysed and glycerol-based pretreatment 
process and scaled up this process for pretreatment of sugarcane bagasse from 
laboratory-scale to pilot-scale (Zhang et al., 2013b). The results showed that 
pretreatment effectiveness at the pilot-scale was similar or superior to pretreatment at 
the laboratory scale, though biomass particle size, biomass loading and water content 
were increased and pretreatment time was reduced (Zhang et al., 2013b).  
Studies on solvent-based pretretaments have shown that residual solvents such as n-
methylmorpholine n-oxide (NMMO) and ionic liquids (ILs) have significant inhibitory 
effects on enzymatic hydrolysis and/or the subsequent microbial fermentation although 
celluase enzymes and/or microorganisms may still be active under certain solvent 
concentrations (Ganske & Bornscheuer, 2006; Nancharaiah & Francis, 2011; Ouellet et 
al., 2011; Park et al., 2012; Ramakrishnan et al., 2010; Shi et al., 2013; Song et al., 2011; 
Su et al., 2012). Although glycerol-based pretreatments have been investigated by a 
number of researchers, the effects of residual glycerol on enzymatic hydrolysis and 
microbial fermentation have not been investigated to the best of the authors’ knowledge. 
To further develop this glycerol-based pretreatment process towards commercialisation, 
the extents of residual glycerol on enzymatic hydrolysis and fermentation need to be 
determined, which will provide essential information on downstream process design for 
pretreated biomass wash and glycerol recovery. 
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In this study, for the first time the effects of glycerol on enzymatic hydrolysis and 
ethanol fermentation by yeast were investigated. Moreover, pilot scale enzymatic 
hydrolysis and ethanol production were demonstrated with bagasse pretreated by 
acidified glycerol solution. The results achieved from laboratory and pilot scale 
experiments were used to estimate the ethanol production yield from sugarcane bagasse.  
2. Materials and methods 
2.1 Materials 
Sugarcane bagasse was provided by Racecourse Sugar Mill (Mackay, Australia). For 
pilot-scale pretreatment, bagasse was used directly as received, which had a moisture of 
~50 wt%. Glycerol (≥99.7 wt%) was purchased from Bronson and Jacobs Pty Ltd 
(Australia). Sulfuric acid (98 wt%) was purchased from Merck Pty Ltd (Australia). 
Cellulase enzymes were purchased through Enzymes Solutions Pty Ltd (Australia), 
which were AccelleraseTM 1500, a Danisco product (Genencor Division, Danisco Inc., 
US). The filter paper activity unit (FPU) of Accellerase TM 1500 was approximately 47 
FPU/mL enzyme solution. 
2.2 Pilot-scale pretreatment 
Pilot scale pretreatments were conducted at the Mackay Renewable Biocommodities 
Pilot Plant (MRBPP), a Queensland University of Technology facility located within 
the Racecourse Sugar Mill (Mackay, Australia). Pretreatments were conducted in a 150 
L stainless steel horizontal reactor (Andritz, Australia). Detailed information on the 
construction, the layout and the use of this reactor has been published previously (Wong 
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et al., 2011; Zhang et al., 2013b). An initial biomass loading (solid dry mass/liquid mass) 
of ~17% was used in the pretreatment. The initial water content was ~17 wt% and the 
initial acid content was 0.4%. Pretreatment was conducted at 150 °C for 15 min. A total 
of four batches of pretreatments were conducted at the same conditions to prepare 
enough biomass for pilot scale enzymatic hydrolysis and fermentation. 
After pretreatment, the pretreated bagasse was immediately pressed to separate the solid 
and liquid (pretreatment hydrolysate). Pretreatment hydrolysate solution also contained 
significant amount of biomass as the membrane filter could not retain all the solid 
residue under pressure. The solid residue in the reactor chamber was washed and 
pressed twice (60 L water/wash). The reaction chamber was opened when the 
temperature of the reactor dropped below 90 °C. The solid residues in the wash 
solutions were collected manually and mixed back with the solid residues collected 
from the reactor chamber. ~2.0 kg such solid residues from each pretraetment were 
washed with large amounts of water (2 L water/wash × 4 washes) and collected for 
biomass compositional analysis, laboratory enzymatic hydrolysis and fermentation. The 
rest solid residues (chamber solid residues and residues from wash solutions) were 
collected for pilot scale enzymatic hydrolysis and fermentation.  
~1.0 kg of pretreatment hydrolysate solution were precisely weighted and filtered. The 
filtered hydrolysate was collected for component analysis by high performance liquid 
chromatography (HPLC). The solid residues collected from the hydrolysate were further 
washed to remove the excessive hydrolysate liquid. The solid residues were collected 
for biomass compositional analysis and determination of glucan digestibility.   
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2.3 Laboratory enzymatic hydrolysis and fermentation  
2.3.1 Glucan digestibility of solid residues 
Thoroughly water-washed solid residues (from reactor chamber and from pretreatment 
hydrolysate respectively) were enzymatically hydrolysed to determine glucan 
digestibilities. Enzymatic hydrolysis was conducted in 250 mL shake flasks. The flasks 
contained 100.0 g reaction mixtures: 2% glucan (based on the biomass compositional 
results), 0.05 M citrate buffer to maintain a pH of 4.8 and 0.5 mL Accellerase 1500TM 
(~23 FPU)/g glucan. The enzymatic hydrolysis was conducted in duplicate at 150 rpm 
and 50 °C for 72 h. 0.5 mL samples were withdrawn at the end of hydrolysis, and 
centrifuged. The supernatant was diluted 10 times for glucose analysis by HPLC. 
2.3.2 Effect of glycerol on enzymatic hydrolysis 
The thoroughly washed solid residues (reactor chamber solid residues and residues from 
wash solutions) were used for enzymatic hydrolysis with and without additional 
glycerol. Enzymatic hydrolysis was conducted in 250 mL shake flasks. Flasks contained 
100.0 g reaction mixtures: 10.0% solid residues (based on dry mass), different amounts 
of glycerol (0.0%, 2.0%, 5.0%, 10.0% and 20.0%, respectively), 0.05 M sodium citrate 
buffer to maintain a pH of 4.8 and 0.25 mL AccelleraseTM 1500 (~13.5 FPU)/g dry 
biomass. The enzymatic hydrolysis was conducted in duplicate at 150 rpm and 50 °C 
for 72 h. 0.5 mL samples were withdrawn at different time intervals, and centrifuged. 
The supernatants were diluted 10 times for glucose analysis by HPLC. 
In the other trial, enzymatic hydrolysis was conducted in 250 mL shake flasks 
containing 50.0 g reaction solutions. The solutions contained 0.0% and 15.0% glycerol 
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respectively and all the other parameters were the same as those for the above 
hydrolyses with 100.0 g solutions. Differently, after 72 h enzymatic hydrolysis the 
solutions were diluted three times with citrate buffer (pH 4.8) (leading to a 5.0% 
glycerol in the diluted solutions compared to a 15.0% glycerol in the original solutions). 
The diluted solutions were maintained at 150 rpm and 50 °C for 48 h (a total time of 
120 h) and samples were withdrawn at different time intervals followed by HPLC 
analysis.  All the enzymatic hydrolyses were conducted in duplicate. 
2.3.3 Effect of glycerol on ethanol fermentation 
Two types of substrates were used to investigate the effect of glycerol on ethanol 
production by a commercial Saccharomyces yeast (Fali® dry yeast, AB Mauri, UK). 
Ethanol fermentation was conducted at 150 rpm at 30 °C. Before yeast inoculation, 
Fali® dry yeast was suspended in sterile water at a concentration of 50.0 g/L. 1 mL of 
yeast suspension was transferred to one 250 mL flask containing 100.0 g fermentation 
media to start ethanol fermentation.   
In one trial, fermentation was conducted in a 250 mL flask containing 100.0 g 
fermentation media comprising 50 g/kg glucose, 10 g/kg yeast, 20 g/kg peptone, 
varying amounts of glycerol (0.0%, 5.0%, 10.0% and 15.0%) and 0.05 M citrate buffer 
(pH 4.8). In the other trial, a 250 mL flask containing 100.0 g glycerol-pretreated 
bagasse solution (the same batch bagasse used for investigating effect of glycerol on 
enzymatic hydrolysis) were firstly hydrolysed for 24 h. The biomass loading, enzyme 
loading, pH and reaction conditions were same as those described in 2.3.2. Differently, 
the solutions also contained 1.0 g/kg yeast extract and 2.0 g/kg peptone. After 24 h 
hydrolysis, the reaction solution was cooled to 30 °C followed by yeast inoculation. 
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Water traps were used to maintain anaerobic condition for ethanol production. At 
different time intervals, 0.5 mL fermentation solution was withdrawn and centrifuged, 
and the supernatant was diluted 10 times for glucose and ethanol analysis by HPLC. All 
the fermentation experiments were conducted in duplicate. 
2.4 Pilot scale enzymatic hydrolysis and ethanol production 
Bagasse pretreated by acidified glycerol solution was transferred into a 300 L bioreactor 
after repeated wash (60 L water/wash). A total of 100.0 kg of reaction solution 
containing 15.0 kg biomass was used for enzymatic hydrolysis. The solution pH was 
adjusted to pH 5.0 with 1 M NaOH solution prior to adding cellulases (0.25 mL 
AccelleraseTM 1500/g dry biomass). The enzymatic hydrolysis was conducted at 50 ± 
1 °C with an agitation speed of 100 rpm. After 30 h cultivation, the reactor was cooled 
to 30 °C followed by yeast inoculation.  
Yeast preculture was conducted to propagate enough yeast biomass used for ethanol 
fermentation. Preculture was conducted in two stages. In the first stage, approximately 
0.05 g/L Fali® dry yeast (AB Mauri, UK) was inoculated to a 2 L flask containing 1 L 
of YPD medium (10 g/L yeast extract, 20 g/L peptone and 20 g/L glucose). The 
cultivation was conducted at 150 rpm and 30 °C for 18 h. In the second stage, the flask 
preculture solution (1 L) was transferred to a 17 L reactor containing 9 L sterile 
molasses medium (20% molasses and 0.015% diammonium phosphate (DAP)). The 
propagation in the 17 L fermenter was performed at 30 °C for 18 h with an agitation 
speed of 150 rpm and an aeration rate of ~1.0 vvm (litre air/litre solution/min). After 
yeast propagation, 50 mL of yeast propagation culture was withdrawn to analyse the 
ethanol and residual sugar concentrations. The 10 L yeast preculture in the 17 L reactor 
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after 18 h cultivation was transferred to the 300 L fermenter containing 100.0 kg 
hydrolysed pretreated biomass. Ethanol fermentation was conducted anaerobically at an 
agitation speed of 100 rpm and a temperature of 30 ± 1 °C for 48 h.      
2.5 Analyses 
A Waters HPLC system equipped with a RPM monosaccharide column (300 mm × 8.0 
mm, Phenomenex, Australia), a pump (Waters 1515, US), a refractive index (RI) 
detector (Waters 410, US) and an autosampler (Waters 2707, US) was used to 
determine sugars in samples from acid hydrolysis (biomass compositional analysis), 
enzymatic hydrolysis, pretreatment solutions and hydrolysed pretreatment solutions. 
The pretreatment solution samples and acid-hydrolysis samples were neutralised with 
CaCO3 prior to HPLC analysis. The temperature for the RPM column was 85 °C and 
the mobile phase was water, with a flow rate of 0.5 mL/min. The other HPLC system 
equipped with an Aminex HPX-87H column (300 mm × 8.0 mm, Bio-Rad, US), an 
integrated pump and autosampling system (Waters e2695, US), a RI detector (Waters 
410, US) and a dual wavelength UV absorbance detector (Waters 2487, US) was used 
to determine sugar degradation products (i.e. acetic acid, furfural, 5-
hydroxymethylfurfural (HMF)) in un-neutralised pretreatment solution and hydrolysed 
pretreatment solution samples. The column temperature was 65 °C and the mobile phase 
was 5 mmol/L H2SO4 with a flow rate of 0.6 mL/min.  
Xylose oligomers (xylobiose, xylotriose, xylotetraose, xylopentaose and xylohexaose) 
in pretreatment solution were detected by the HPLC system equipped with a Dionex 
CarboPacTM PA-100 column (BioLCTM 4 × 250 mm, Thermo Scientific, US), an 
electrochemical detector (Waters 2465) and the pump and autosampling system (Waters 
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e2695, US). The mobile phase consisted of solvent A (150 mmol/L NaOH) and solvent 
B (150 mmol/L sodium acetate and 150 mmol/L NaOH).  The column was run at 30 °C 
with a flow rate of 1 mL/min using the gradient method according to Curve 6 based on 
the detection waveform from Dionex Technical Note 21 (Thermo Scientific, US). The 
gradient method started at 86.7% solvent A and 13.3% solvent B (0 – 1 min). The mass 
ratio of A to B was changed to 0% : 100% over 1 – 30 min, to 86.7% to 13.3% over 30 
– 32 min and maintained at this ratio over 32 – 40 min.    
3. Results and discussion 
3.1 Biomass distribution and composition after pretreatment  
In the authors’ previous study (Zhang et al., 2013b), HCl was used as catalyst for 
bagasse pretreatment with glycerol solution.  HCl-catalysed glycerol pretreatment was 
proved to be more effective than the pretreatments with other catalysts such as H2SO4 
(Liu et al., 2010b). However, 3-monochloropropane-1,2-diol (3-MCPD) was produced 
in the presence of HCl (Zhang et al., 2013b). 3-MCPD is considered to be highly toxic 
and carcinogenic. Therefore, in this study, H2SO4 was used as catalyst instead of HCl.   
Table 1 shows biomass composition, component recovery and glucan digestibility of 
biomasses prepared from four replicate pretreatments. As the significant variation of ash 
content (5–15%), it was difficult to compare the content change of each biomass 
component. To solve this problem, the total content of the three major biomass 
components, glucan, xyaln and lignin, was normalised to 100%. It was noted that glucan 
content of the untreated bagasse was significantly lower but lignin content was 
significantly higher than those of the bagasse (43.4% glucan, 24.4% xylan and 32.2% 
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lignin after normalisation) used in the previous pretreatment trials (Zhang et al., 2013b). 
This was because this experiment was conducted at off-sugarcane crushing season and 
bagasse stored in a large pile was used in this study. A portion of glucan has been 
degraded during the long storage period (~ 6 months).  
As shown in Table 1, glucan and lignin contents in solid residues increased after 
pretreatment. However, solid residues from pretreatment hydrolysate had higher lignin 
content while solid residues from reactor chamber had higher glucan content. Glucan 
digestibility of hydrolysate solid residues was higher than or at least comparable to that 
of reactor solid residues despite higher lignin content (Table 1). This may be attributed 
to the higher cellulose accessibility to cellulases of hydrolysate solid residues. The 
weighted glucan digestibility was 87.0% ± 6.1%.  
Glucan- and xylan-derived components in pretreatment hydrolysate (free of solid 
residues) were also measured to estimate the distribution of glucan and xylan. The total 
distributions of glucan and xylan were normalised to 100% with proportional 
adjustment of each component. As shown in Supplementary Figure 1, the majority of 
glucan remained in solid residues after pretreatment and glycerol-glucosides were the 
major components in pretreatment hydrolysate. In contrast, the distribution of xylan was 
more diversified: ~39% present as xylose and ~38% as glycerol-xylosides in 
pretreatment hydrolysate, and ~16% as xylan recovered in solid residues. The total 
amounts of furfural and xylose oligomers were very low, less than 7%. These results 
were consistent with previous studies, which proved or indicated significant amounts of 
alcohol/polyol glycosides were produced during acid-catalysed pretreatments with 
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alcohol and polylol solvents (Bouxin et al., 2014; Hu et al., 2012; Zhang et al., 2013a; 
Zhang et al., 2013b).  
3.2 Effect of glycerol on enzymatic hydrolysis 
Figure 1 shows the effect of glycerol on enzymatic hydrolysis. Adding glycerol into the 
solutions slowed down the enzymatic hydrolysis and reduced glucan digestibility. The 
inhibitory effect increased with increasing glycerol concentration. In the presence of 2.0% 
glycerol, the 72 h glucan digestibility decreased slightly from 86.9% to 84.9% or by 
2.0%. Increasing the glycerol concentration from 0.0% to 15.0% led to a decrease of 
glucan digestibility by 19.5%. Nevertheless, as shown in Figure 1, the glucan 
digestibility with glycerol still had the potential to increase.    
In the other trial, the enzymatic hydrolysis with 15.0% glycerol was diluted to a 
glycerol concentration of 5.0% by buffer solution (0.05 M sodium citrate with a pH of 
4.8) after 72 h enzymatic hydrolysis. As shown in Figure 2, dilution of glycerol 
concentration from 15.0% to 5.0% significantly increased glucan digestibility and the 
final glucan digestibility reached 87.0%, close to that without glycerol. These results 
indicated that glycerol possibly did not cause the deactivation of cellulases but inhibited 
the enzymatic hydrolysis. It was worth noting that adding buffer solution into the 
solution diluted not only glycerol concentration but also the concentration of produced 
glucose. Diluting both favoured the enzymatic hydrolysis because of reduced substrate 
and product inhibitions.    
It is well known that polyols including glycerol are protein (including enzymes) 
stabilizing agents.  The stabilizing effect of a polyol originates from its preferential 
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exclusion effect from the protein surface and the preferential exclusion effect of polyols 
leading to indirect interactions that play a pivotal role in preventing the protein from 
thermal unfolding (Liu et al., 2010a). However, this preferential exclusion effect of 
glycerol may lead to reduced interactions between cellulose and cellualses, thus slowing 
down the enzymatic hydrolysis rate. In addition, adding glycerol into the solution also 
increases the solution viscosity, which may limit the movement and diffusion of 
cellulase enzymes. Another possibility is that glycerol may act as glucose analogue, 
causing the end product inhibition for enzymatic hydrolysis of cellulose to glucose. 
Nevertheless, as shown in Figure 2, dilution of glycerol concentration overcame these 
inhibitory effects with improved glucan digestibility.  
ILs and NMMO have been extensively studied for biomass pretreatment in recently 
years. However, compared to glycerol, ILs and NMMO are much more toxic to 
cellulases. Studies have shown that the presence of 5% 1-ethyl-3-methyllimidazolium 
acetate ([C2min][OAc]), a commonly studied IL,  led to activity reduction of Cellic 
CTec2 (Novozymes cellulase product, another commonly used cellulase enzyme) on 
microcrystalline cellulose by ~50% and by ~30% on regenerated amorphous cellulose at 
a substrate loading of only 2% (Shi et al., 2013). The activity reduction on these two 
substrates was still significant (~8% − 10%) even with an improved JTherm cellulase (a 
thermostable IL tolerant cellulase) (Shi et al., 2013). As a result, enzymatic hydrolysis 
of switchgrass in the presence of 5% IL by JTherm cellulase after pretreatment of 
switchgrass with [C2min][OAc] (160 °C for 3 h)  resulted in a reduction in glucose yield 
by ~24% after 72 h hydrolysis compared to its maximum potential yield (Shi et al., 
2013). In another study, it has been found that the presence of 10% NMMO in 
enzymatic hydrolysis solution led to a reduction of relative cellulose digestibility by 34% 
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(Oyetunji, 2009). In contrast, the present results showed that glycerol were much more 
compatible to cellulase enzymes than ILs despite the high biomass loading (10%) in 
enzymatic hydrolysis and the decrease in glucose digestibilities with 5.0% and 10.0% 
glycerol were only 7.5% and 15%, respectively, compared to the maximum relative 
digestibility (100%).  
3.3 Effect of glycerol on ethanol production by yeast 
Furthermore, the effect of glycerol on ethanol fermentation was investigated in two 
trials. In one trial, glucose was used as carbon source. As shown in Figure 3, ethanol 
production with 5.0% glycerol was not affected and the 20 h ethanol yield (86.9%) was 
similar to that (86.0%) of control. However, the 20 h ethanol yields decreased slightly 
from 86.0% to 83.7% and 79.5% or by 2.3% and 24% with 10.0% and 15.0% glycerol, 
respectively. The glycerol inhibition on ethanol production possibly due to the increased 
osmotic pressure and the end product inhibition (glycerol is also a well-known by-
product in ethanol fermentation by yeast).   
In the other trial, pretreated and enzymatically hydrolysed bagasse samples (24 h 
hydrolysis without deactivation of cellulases) with different amounts of glycerol were 
used as substrates for ethanol fermentation.  The potential amount of available glucose 
in the pretreated biomass fermentation media was similar to that in glucose media (~50 
g/kg, calculated from biomass loading, glucan content and glucan digestibility). As 
shown in Figure 3, ethanol yields with glycerol additions were obviously lower than 
that without glycerol during cultivation. A higher glycerol concentration led to a more 
severe reduction in ethanol yield. However, ethanol production was more rapid with 
biomass fermentation media at the same glycerol concentration that that with pure 
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glucose media. The ethanol yields in biomass media with glycerol from 0.0% to 15.0% 
were from 77% to 34% at 9 h, higher than that from 62% to 19% with glucose media. 
The high ethanol production rate was possibly attributed to the lower initial glucose 
concentration (35 – 22 g/kg with 0.0 – 15.0% glycerol) in biomass media (thus low 
osmotic pressure from glucose) and trace nutrients contained in sugarcane biomass. 
Ethanol yields continued to increase after 20 h fermentation with biomass media 
whereas the maximum ethanol yields were achieved at 20 h cultivation with glucose 
media. Based on the ethanol yield trends in Figure 4, the final ethanol yield with 
biomass media containing glycerol possibly would have further increased if the trials 
continued with continuing slow hydrolysis of cellulose. The low ethanol yield with 
biomass medium containing 5.0% glycerol was possibly due to the inhibitory effect by 
glycerol on enzymatic hydrolysis (Figures 5 and 6) rather than on ethanol fermentation 
(Figure 3).  However, a high glycerol concentration (10.0% or higher), glycerol 
inhibited both enzymatic hydrolysis and ethanol production, leading to a low ethanol 
yield.  
Glycerol is much benign solvent to microorganisms compared to ILs as a number of 
microorganisms have the ability to metabolise glycerol. In fact, glycerol is being studied 
as an alternative carbon source for microbial production of fuels and chemicals (da 
Silva et al., 2009; Yang et al., 2012). In contrast, studies have shown that the presence 
of very low concentrations of ILs (e.g., 0.25% − 1.0%) was detrimental or very 
inhibitive to the growth of microorganisms (Nancharaiah & Francis, 2011; Ouellet et al., 
2011). Ouellet et al. (2011) found that the presence of only 1% [C2min][OAc] resulted 
in ethanol yield reduction by ~94% with IL-treated corn stover fermentation medium 
and by ~58% with glucose medium by Saccharomyces cerevisiae yeast. The study also 
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found that [C2min]+ ion was the primary source of inhibition on downstream microbial 
growth and ethanol production. The present results indicated that up to 5.0% glycerol 
had no inhibitory effect on ethanol production despite its slight inhibitory effect on 
enzymatic hydrolysis. Therefore, microorganisms having the ability to use both glucose 
and glycerol as carbon sources for the production of fuels or chemicals are highly 
compatible to this glycerol-based pretreatment process.    
3.4 Pilot scale enzymatic hydrolysis and ethanol production 
This was the first time that pilot scale enzymatic hydrolysis and ethanol production 
from sugarcane bagasse pretreated by acidified glycerol solution. Table 3 shows the 
residual glycerol concentration in enzymatic hydrolysis solution and initial fermentation 
solution, and ethanol concentration and yield after fermentation. The glycerol 
concentration was 5.51% (55.1 g/kg) in enzymatic hydrolysis, and was 5.06% (50.6 
g/kg) in initial fermentation solution due to the dilution of fermentation medium by 
yeast preculture. As shown in previous trials, at such glycerol concentrations, glycerol 
slightly inhibited enzymatic hydrolysis (Figure 1) but did not affect ethanol 
fermentation (Figure 3). The ethanol concentration was 31.0 g/kg while the ethanol 
yield was 85.2%, which was comparable to that (83.6%) achieved at laboratory scale 
fermentation (Figure 4).  Slightly higher glycerol concentration was detected at the end 
of fermentation as glycerol was a by-product of ethanol fermentation process (data not 
shown). It was also worth noting that some ethanol (but excluded in the 31.0 g/kg 
ethanol at the end of fermentation) was produced from molasses in yeast preculture. 
Molasses is a by-product of sugar production process and has been widely used as 
carbon source for ethanol production. Therefore, integration of cellulosic ethanol 
18 
 
production into existing molasses ethanol production can significantly save the capital 
cost.    
Assuming that sugarcane bagasse has a glucan content of 38.0%, a digestibility of 87% 
(weighted digestibility including both reactor and hydrolysate solid residues as shown in 
Table 1) and a glucan recovery of 90% (Table 1), and that the ethanol yield is 84.0% in 
the presence of 5.0 wt% glycerol (based on Figure 4 and pilot scale data), 1.0 kg 
sugarcane bagasse can produce 0.142 kg ethanol. In contrast, dilute acid pretreatments 
with H2SO4 as catalyst usually led to glucan digestibilities no more than 70% at 150 °C 
and no more than 80% even at a higher pretreatment temperature of 170 °C in the 
authors’ studies (data not shown). Although dilute acid pretreated bagasse samples were 
not fermented in this study, assuming a glucan recovery of 90% and an ethanol yield of 
86% the ethanol yields from 1 kg bagasse were estimated to be only about 0.108 kg and 
0.132 kg with pretreatment temperatures of 150 °C and 170  °C, respectively, 
significantly lower than that with acidified glycerol pretreatment.  
For a glycerol-based pretreatment process for ethanol production by yeast fermentation, 
wash of pretreated biomass, recovery and recycle of glycerol are required to minimise 
the effects of glycerol on enzymatic hydrolysis and fermentation and to reduce the cost 
associated with solvent usage. In this study, wash with 60 L water × 2 was enough to 
reduce the glycerol concentration to ~5-6 wt% with 15% biomass loading, which had no 
significant negative effects on both enzymatic hydrolysis and fermentation.  However, if 
the higher biomass loading e.g., to 30% is used for enzymatic hydrolysis and 
fermentation (with higher ethanol concentration after fermentation), more effective 
wash strategies will be required to reduce the glycerol concentration to ~5 wt% or lower. 
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Although glycerol is a lower-cost solvent compared to ILs and NMMO, recovery and 
recycle are still required to reduce the solvent cost. The authors have demonstrated that 
batch separation of glycerol from pretreatment solution using ion chromatography 
technique (data not shown). For a continuous separation process, simulated moving bed 
chromatography (SMBC) technique is an option, which has been used for separation 
and recovery of IL and sugars from biomass hydrolysates (Caes et al., 2013). Glycerol 
in the fermentation broth after ethanol distillation may be recovered by the same 
technique (i.e. SMBC). Since glycerol is a biodegradable green solvent and also a by-
product of ethanol fermentation by yeast, the extent of its effect on environment is much 
less than ILs.   
A recent techno-economic analysis conducted by Leaf Resources Ltd shows that based 
on a glycerol recovery of 85% and a crude glycerol price of $230/ton, the cost range of 
sugars produced from this acidified glycerol pretreatment process varies from $0.03 to 
$0.12/pound based on a biomass cost range from $35 to $100/ton biomass (Leaf 
Resources Ltd, 2014). Nevertheless, integrated and systematic techno-economic studies 
are required based on the data achieved from pretreatment, enzymatic hydrolysis and 
fermentation to figure out the key costive steps and possible strategies to lower the 
process cost.    
4. Conclusions 
It was the first time that the effects of glycerol on enzymatic hydrolysis and ethanol 
fermentation were studied. Although glycerol showed inhibitory effect on enzymatic 
hydrolysis, the extents of inhibition was significantly less than those with other solvents 
such as ILs and NMMO. Dilution of glycerol reduced the inhibitory effect, indicating 
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that glycerol was not detrimental to cellulase enzymes and the inhibition was reversible. 
Ethanol fermentation was more compatible to glycerol as ethanol production was not 
affected at higher glycerol concentration compared to enzymatic hydrolysis. The results 
of pilot scale ethanol production were in line with the laboratory results.   
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Legends of Tables and Figures 
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Tables 
Table 1 Normalised biomass composition, component recovery and glucan digestibility 
after pretreatment at 150 °C for 15 min 
Table 2 Pilot-scale enzymatic hydrolysis and fermentation 
Figures 
Figure 1 Effect of glycerol concentration on enzymatic hydrolysis 
Figure 2 Effect of glycerol dilution on enzymatic hydrolysis 
Figure 3 Effect of glycerol on ethanol production with glucose media  
Figure 4 Effect of glycerol on ethanol production with pretreated bagasse media 
Supplementary Figure 
Supplementary Figure 1 Distribution of glucan and xylan after pretreatment 
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Table 1  
Solid residue distribution (%) 
 Content without ash (%)   Recovery (%)  72 h glucan 
digestibility (%)  Glucan Xylan Lignin   Glucan Xylan Lignin  
Reactor 66.5±4.3 
 
60.1±1.4 5.8±0.6 34.0±1.3
 
63.7±5.8 9.9±1.7 34.7±3.4
 
82.6±6.5 
Hydrolysate 33.5±4.3 
 
48.6±2.9 3.9±0.3 47.5±3.2
 
26.2±5.1 3.3±0.7 24.4±1.8
 
98.6±8.8 
Total/weighted 100.0 
 
56.3±1.4 5.2±0.4 38.5±1.5
 
89.9±5.2 13.3±1.6 59.1±2.3
 
87.0±6.1 
Untreated bagasse -  37.6 23.9 39.0  100.0 100.0 100.0  8.6±1.2 
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Table 2 
 
a. Glucan loading was calculated based on the glucan content of 49.9% in solid residues 
(not the normalised content of 60.1% in Table 1). 
b. 72 h average glucan digestibility (reactor solid residues) referred to Table 1. 
c. Calculated available glucose concentration considering the dilution of fermentation 
medium (1.1 times) by inoculation of the yeast preculture, residual glucose (9.0 g/kg) 
from preculture and maximum available glucose from pretreated biomass based on 
glucan content and digestibility. 
d. Glycerol at the beginning of the fermentation with considering the dilution of 
fermentation medium (1.1 times) by inoculation of the yeast preculture. 
e. Ethanol concentration excluded the ethanol concentration in the preculture, which 
contributed to another 4.4 g/kg ethanol. 
f. Ethanol yield was calculated by comparison of theoretical yield based on the total 
available sugars including residual sugars from the preculture.    
 
Enzymatic 
hydrolysis 
Biomass loading,% Glucan loading,%a 
Residual 
glycerol, g/kg 
Glucan 
digestibility 
(30 h/72 h),%b 
15.0 7.5 55.1 68.1/82.6  
Fermentation 
Total available 
glucose, g/kgc Glycerol, g/kg
d Ethanol, g/kge Ethanol yield, %f 
71.4 50.6 31.0 85.2 
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